The ternary silver thallium telluride, Ag 9 TlTe 5 , was reported to exhibit an excellent thermoelectric performance because of its extremely low thermal conductivity. We have studied the effect of the compositional difference on thermoelectric properties of Ag 9 TlTe 5 by measuring the thermoelectric data on polycrystalline samples with three compositions. A minimal compositional deviation from the stoichiometric Ag 9 TlTe 5 improved the power factor while the thermal conductivity remained extremely low, leading to an enhancement of the thermoelectric figure of merit.
Introduction
Recently, we have proposed ternary silver thallium tellurides as a new class of advanced thermoelectric materials. Several compounds exhibited high ZT values: 0.61 at 580 K for AgTlTe 1) and 1.23 at 700 K for Ag 9 TlTe 5 .
2)
Although the electrical performance, i.e. the power factor, was not high, AgTlTe and Ag 9 TlTe 5 exhibited the high ZT values because of the extremely low thermal conductivity; around 0.25 Wm À1 K À1 over a wide temperature range above room temperature. The values of individual thermoelectric properties at 700 K of Ag 9 TlTe 5 are 2:63 Â 10 À4 m for electrical resistivity, 319 mVK À1 for Seebeck coefficient, and 0.22 Wm À1 K À1 for thermal conductivity. The power factor at 700 K is no more than approximately 0.4 mWm À1 K À1 . It is supposed that the low power factor is caused by the relatively low carrier concentration. In other words, there is a possibility for further enhancement of the thermoelectric figure of merit, Z, if the power factor improves and the thermal conductivity remains extremely low.
In the present study, we attended to improve the power factor of polycrystalline Ag 9 TlTe 5 by controlling the carrier concentration. We studied the effect of compositional deviation from the stoichiometric Ag 9 TlTe 5 by measuring the thermoelectric properties from room temperature to slightly below the melting temperature. Hall coefficients were measured at room temperature, which enables us to understand relationships among the carrier concentration, thermoelectric properties and composition of Ag 9 TlTe 5 . (sample 2) 2) and Ag 9 TlTe 5:1 (sample 3). The reactants were sealed in silica tubes, melted at 1173 K and annealed at 673 K for 1 week. The intermediates were crushed to a fine powder (< 45 mm), pressed into columnshaped pellets (approximately 10 mm in diameter and 12 mm in height) and re-sealed in silica tubes, followed by sintering at 673 K for 2 days. After the heat treatment, appropriate shapes of the samples were cut from the sintered pellets. The melting temperature of Ag 9 TlTe 5 is approximately 770 K, which has been determined by the author's group 2) using a thermogravimetric and differential thermal analysis.
Experiment
Powder X-ray diffraction (XRD) measurements were made using Cu K radiation. Chemical compositions of the products were determined by the energy dispersive X-ray (EDX) analysis. Electrical resistivity () and Seebeck coefficient (S) were measured using ZEM-1 apparatus (ULVAC Co. Ltd.) under a helium atmosphere from 330 to around 700 K, in which the was evaluated using the standard four-probe method. Hall coefficient (R H ) and electrical resistivity were measured using the van der Pauw technique at room temperature using ResiTest8300 apparatus (Toyo Co. Ltd.). Thermal conductivity () was evaluated from thermal diffusivity (), heat capacity (C P ) and density (d). Thermal diffusivity was measured using the laser flash method in vacuum from 300 to around 700 K using TC-7000 apparatus (ULVAC Co. Ltd.). The C P data of Ag 9 TlTe 5 were obtained from the Neumann-Kopp law 3, 4) using the data listed in the database 5) for Ag 2 Te andTl 2 Te. The C P value of Ag 9 TlTe 5 at room temperature is listed in Table 1 .
Results and Discussion
The chemical compositions of the products determined by the EDX analysis are Ag (sample 2) 2) and Ag 8:94 Tl 0:87 Te 5:19 (sample 3) in average. The EDX analysis was performed at ten positions on the same sample, and the average data were adopted as the chemical composition of the sample. From the deviation of the measured data, the accuracy of the chemical composition was confirmed to be within 0.5 at%. The thallium contents in sample 2 and 3 are at a similar level and lower than that in sample 1. The silver and tellurium ratio in sample 3 is slightly larger than that in sample 2. The sample compositions before and after the preparation process are summarized in Table 1 .
The XRD patterns of the samples are shown in Fig. 1 . Clearly, two kinds of XRD patterns are classified. In the XRD pattern of sample 1, there are 3 peaks in the area of 2 ¼ 33 {35 . On the other hand, in the XRD patterns of sample 2 and 3, the 3 peaks disappear and another peak appears at 2 ¼ 30:7
. These results indicate that the crystal structures of sample 2 and 3 are identical but different from that of sample 1. Paccard reported the crystal structure of Ag 16 Tl 2 Te 11 6) whose composition is close to Ag 9 TlTe 5 . The XRD pattern of Ag 16 Tl 2 Te 11 reported in Ref. 6 is consistent with that of sample 1 but differs from those of sample 2 and 3. From the SEM observation and EDX analysis, we confirmed that the samples are homogeneous and single phase materials. Therefore, it is supposed that the appearance of the peak at 2 ¼ 30:7 in the XRD pattern arises from a change of the crystal structure not from a production of another phase not from contamination of impurities.
The electrical resistivity () data are shown in Fig. 2(a) . The of sample 2 and 3 decrease with increasing temperature, showing semiconducting behavior. Meanwhile the temperature dependence of of sample 1 differs from those of sample 2 and 3, i.e. the of sample 1 increases in the temperature range from room temperature to around 450 K and then decreases. The data at room temperature measured using the van der Pauw technique (shown as X-marks) are well consistent with the extrapolated values of high temperature data measured using the standard four-probe method.
The Seebeck coefficient (S) data are shown in Fig. 2(b) . The S values of all samples are positive, indicating that the majority carriers are holes. The S of sample 2 and 3 decrease with increasing temperature, while that of sample 1 is independent of temperature.
The S 2 = data are shown in Fig. 2(c) . S 2 = is called power factor which determines the electrical performance of thermoelectric materials. Although the values of power factor of sample 2 and 3 are relatively high ($0:4 mWm
, that of sample 1 is quite low ($0:05 mWm À1 K À2 ). The thermoelectric properties (, S, R H , n, ) data at room temperature are listed in Table 1 . The Hall coefficient (R H ) values are positive, which is well consistent with the results of the Seebeck coefficient. The carrier concentration (n) was estimated from R H and the electronic charge (e) using the relationship of n ¼ 1=ðeR H ). The mobility () was estimated from R H and using the relationship of ¼ R H =, in which the was measured using the van der Pauw technique. The and S decrease in the order of sample 1 > sample 2 > sample 3. The n increases in the order of sample 1 < sample 2 < sample 3, while the values are maintained virtually constant (around 10 Â 10 À4 m 2 V À1 s À2 ). These results suggest that the changes in and S depend principally on the change in n.
As shown in Fig. 3 , the thermal conductivity () values of all samples are extremely low; around 0.25 Wm À1 K À1 over a wide temperature range. The values of thermal diffusivity and conductivity at room temperature of the samples are listed in Table 1 . These values are approximately one-fifth or one-sixth the values for typical thermoelectric materials such as Bi 2 Te 3 . 7) Although the electrical properties of Ag 9 TlTe 5 are influenced a great deal by a slight compositional deviation, the data are at a similar level. The lattice thermal conductivity ( lat ) is predominant in Ag 9 TlTe 5 , and the fraction of the electronic thermal conductivity ( el ) in the total thermal conductivity () is only a few percent at room temperature.
The dimensionless figure of merit ZT (¼ S 2 T==) was calculated from the , S and data as shown in Fig. 4 . ZT determines the effectiveness of a material for thermoelectric applications, i.e. a large value of the ZT means high thermoelectric performance. The good materials available today for thermoelectric devices that operate at near room temperature have a ZT of approximately 1. 8) Although the ZT values of sample 1 are quite low ($0:08), those of sample 2 and 3 are significantly high (ZT > 1). This shows that the samples with the diffraction peak at 30. 7 exhibit the significantly high ZT, but that the sample without the diffraction peak at 30. 7 exhibits the quite low ZT. This result suggests that the minimal compositional deviation in polycrystalline Ag 9 TlTe 5 should dominate the crystal structure, which has a significant influence on the thermoelectric properties. Sample 3 indicates the highest ZT among the samples studied in the present study, in which the maximum ZT value is obtained to be 1.03 at 645 K.
Summary
We have reported the thermoelectric properties of polycrystalline . The XRD pattern of sample 1 is clearly different from those of sample 2 and 3, which means that the crystal structure of sample 1 is different from those of sample 2 and 3. The electrical resistivity and Seebeck coefficient decrease in the order of sample 1 > sample 2 > sample 3, which is explained by the variation of the carrier concentration. The thermal conductivity was very low for all samples. Sample 3 exhibits the highest ZT value, in which an enhancement of the power factor can be achieved through the compositional tuning without increasing the thermal conductivity. The thermoelectric properties as well as the crystal structure of Ag 9 TlTe 5 are significantly affected by the minimal compositional deviation. 
